ABSTRACT
INTRODUCTION
The overall energy losses of distribution networks are commonly derived in the UK from the difference between the metered energy supplied into the network and the metered sales. For the purpose of developing measures to reduce the distribution losses it is important to identify and quantify where the losses occur in the system, which cannot be measured easily. The results of distribution loss calculations are presented here which give a valuable insight into where losses occur typically in the network at the different voltage levels.
In the context of replacing ageing assets, one effective measure to reduce losses is to use more conductor material in the lines and transformers. This reduces operational costs [1] as well as CO 2 emissions, however it means that network assets are under-utilised. It must also be recognised that the use of more materials can have an adverse impact on the environment including increased CO 2 emissions due to the associated energy consumption for production and transport. The study presented here seeks to quantify, as far as practically possible, what the net impact is of increasing the conductor size of a 400V and 11kV cable on the CO 2 emission over the life cycle of those cables, by taking into account the so-called 'embodied carbon value' of the materials used in cables. The same methodology can be applied to any other network asset.
NETWORK LOSS CALCULATIONS
Network losses have been calculated at the different voltage levels in E.ON Central Networks, a UK distribution network operator. The results are shown in table 1.
Metered settlement data over a year was used to identify the average load, peak load, load factor and loss load factors. The peak loads in network models were scaled such that the corresponding average load (peak load multiplied by the load factor) matches reasonably with the average load from the settlement data. The losses were calculated at peak load and multiplied by the loss load factor to obtain the average power losses [2] . The no-load losses were calculated by assumed iron loss percentage values at the different voltage levels and multiplying these by the corresponding transformer ratings. Whereas all 11kV to 132kV network data was included in the calculations, data of sample networks was used to calculate the losses at 400V because of the very large number of assets and loads at that voltage level. Due to the various simplifications and assumptions made, the accuracy achieved is uncertain but expected to be within ±15%.
Table 1 Calculated distribution losses in Central Networks
Type of Loss Loss, % 33-132kV line losses 0.75% 33-132kV transformer load losses 0.41% 33-132kV transformer no-load losses 0.34% 6.6-11kV line losses 0.67% 6.6-11kV transformer load losses 0.21% 6.6-11kV transformer no-load losses 0.84% 400V line losses 1.25% Total 4.47%
EMBODIED CARBON OF MATERIALS
The embodied carbon value represents the amount of CO 2 emission associated with the usage of a certain material. It is derived from the embodied energy for a given fuel mix. The embodied energy takes into account the energy consumed over a life cycle of a material used in a product starting with the winning of raw materials and their transportation until the material has reached the point of use. Prague, 8-11 June 2009
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Indicative carbon values for aluminium and copper have been taken from the 'Inventory of Carbon & Energy' document issued and maintained by the University of Bath [3] . This document contains an inventory of building materials of embodied energy & carbon coefficients, and is used by the construction industry to evaluate the environmental impact of using different materials. For further details on the background to this data, refer to [3] . Table 2 gives the embodied CO 2 emission per kg material usage for copper, aluminium and polyethylene, which are the dominant materials used in cables. Cross-linked polyethylene (commonly abbreviated to XLPE) is nowadays the most common insulation material used in 400V and 11kV cables. The embodied carbon value of polyethylene should be representative for XLPE. The embodied carbon values have been multiplied with a 'waste factor' of 1.2 in order to represent the impact of putting the material to waste at the end of its usage. Table 2 also provides the mass densities needed to calculate the additional weight introduced by opting for a larger size cable conductor. This is further explained in the next paragraph. It can be anticipated that the conductor materials Al and Cu have the highest overall impact on CO 2 emission per volume unit, because the product of their embodied carbon value and mass density is much higher than that of the insulation material XLPE. Materials in the sheath and armour are not considered as they are assumed to have a negligible effect. 
CALCULATION METHODOLOGY
This section describes the approach taken to calculate the net impact on life cycle CO 2 emission when replacing an ageing cable with one comprising a larger conductor. An Excel spreadsheet has been used for this purpose.
1) Calculate CO 2 emission due to electrical loss by current flowing through a cable:
• Determine the peak current in Amps through a cable.
• Calculate the resistance for the cable for a given length.
• Calculate the losses at peak load from I 2 R.
• Calculate the average losses by multiplication with an assumed loss load factor.
• Multiply the average power loss by the number of hours in 40 years, to derive the energy loss in MWh over this period.
• Convert electrical loss to CO 2 loss by multiplying with 0.537 kg CO 2 /kWh. Note that this is an indicative value taken from the UK Carbon Trust website [4] , and represents the kg CO 2 emitted as a result of using 1kWh worth of electricity. It needs to be borne in mind that this value changes for a different generation mix in a different country and may change in the future.
These steps are repeated for an increased conductor size, to derive the CO 2 saved as a result of using a larger conductor.
2) Calculate additional CO 2 emission (or CO 2 lost) due to using a larger conductor size:
• Calculate the volume of the additional material used.
• Multiply the additional volume by the mass density of the material to obtain the additional weight introduced.
• Convert the additional weight into CO 2 lost by multiplying by the embodied carbon value of the material.
These calculations are applied to each material; aluminium in the 3 conductors, copper in the earth wire and XLPE in the insulation. These materials are expected to have the dominant impact; therefore any others have been neglected.
The electrical loss saved by using a larger conductor over an assumed period is compared with the CO 2 lost resulting from using more conductor material. Whereas the latter occurs upfront and is fixed after cable installation, the beneficial effect of CO 2 saved due to reduced electrical loss is proportional to the time that the cable is operational. The break-even year at which the saved CO 2 matches the lost CO 2 can be derived from the following equations: where R 1 : resistance of the original conductor in Ω. R 2 : resistance of the upgraded conductor in Ω. I peak : the peak current going through the cable in A. LLF : loss load factor converting the loss at peak load to the average loss. CO 2 e : 0.537 kgCO 2 /kWh, to convert used electricity to CO 2 emission. 10 -6 : factor to convert electricity loss from W to kW, and CO 2 emission from kgCO 2 to tCO 2 
RESULTS OF EXAMPLE CALCULATIONS
The results of example calculations of 400V and 11kV cables are given in Appendix A and B respectively. In the example calculation of Appendix A it can be seen that upgrading a 0.3km cable from 95 to 185mm 2 400V Wavecon cable, thereby reducing the utilisation (peak load current over rated current) from 0.25 to 0.17, will result in a saving of 14.1 tCO 2 emission over a lifetime of 40 years. For the same current loading, an upgrade from 185 to 300mm 2 results in a saving of 3.8 tCO 2 over 40 years, in which case the utilisation reduces from 0.17 to 0.13. The break-even year is 6.2 for the upgrade from 95 to 185mm 2 and 17.6 years for the upgrade from 185 to 300mm 2 . The results for an Al triplex 11kV cable in Appendix B show similar trends but the break-even year is shorter, because the assumed loss load factor is higher and due to the different physical properties.
Comparing the upgrade from 95 to 185mm 2 with the upgrade from 185 to 300mm 2 for the same current loading illustrates that there is an effect of diminishing returns for an ever decreasing utilisation. Figures 1 and 2 show this effect, which have been derived from equations (1) and (2) . From these equations it can be seen that the break-even year is inversely proportional to the peak current, and thus inversely proportional to the utilisation, being defined as the ratio of the peak current to the cable rating. Figures 1 and 2 suggest that the break-even year is well below a 40 years operational lifetime in most practical situations where the utilisation before the cable upgrade is at least about 12% for a 400V cable and 10% for an 11kV cable. This means that provided the cable utilisation before the considered upgrades is above these levels, there will be a reduced life cycle CO 2 emission when upgrading the cable conductor size.
Note that the life cycle net CO 2 saving will depend on the following parameters:
Peak Load Current
This has been chosen such that the utilisation of the conductor is 0.25 before the cable upgrade, which is on the low side but realistic. The resulting figures clearly show a benefit of upgrading for the examples considered.
Loss Load Factor
A loss load factor (LLF) of 0.25 is used for the 400V cable and 0.35 for the 11kV cable, which are typical values for the corresponding voltage levels according to measured data obtained from a number of feeders in Central Networks. For a higher loss load factor the beneficial impact on life cycle CO 2 will be greater when increasing the conductor size, because of the higher average loss.
Cable Length
For the 400V cable a typical length of 300m is assumed and for the 11kV cable a length of 5km. Note that the length of the line does not have any impact on the break-even year because both the CO 2 lost (from additional material) and CO 2 saved (by loss reduction) are proportional to the length of the cable.
Cable Operational Lifetime
An operational lifetime of 40 years has been assumed, which in practice can even be higher. If the break-even year is lower than the operational lifetime then there is a positive impact on the life cycle CO 2 emission when replacing an aged cable to one with a higher conductor size. 
CONCLUSIONS
Distribution network losses at different voltage levels in E.ON Central Networks have been calculated giving a valuable insight into where losses typically occur in the system. Calculations have also been carried out to quantify the life cycle CO 2 impact on replacing ageing 400V and 11kV cables to ones with a larger conductor size. Whereas the usage of cables with a larger conductor size reduces the I 2 R losses, the drawback is that more conductor material is needed, which in turn has an adverse impact on energy consumption due to production and transport, resulting in increased carbon emissions. Prague, 8-11 June 2009
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The study presented here has quantified, as far as practically possible, what the net impact is of increasing the conductor size on the CO 2 emission over the life cycle of a cable, by taking into account the so called 'embodied carbon value' of the materials used in a cable. The results indicate that there is an effect of diminishing returns when the utilisation of a cable becomes extremely low when a larger conductor is introduced, but if the cable utilisation before the considered upgrades is above about 10% then there is a positive net impact on the life cycle CO 2 emission. It is to be noted that the life cycle CO 2 saving will depend on the peak load current, loss load factor, cable length and cable operational lifetime.
Besides the life cycle CO 2 emission impact, other technical aspects such as the fault current levels and associated with this the X/R ratio, as well as practical and commercial aspects need to be considered in order to make a decision on upgrading a cable. 
APPENDIX A Life cycle CO 2 calculation examples of 400V cables

